Laser Induced Periodic Surface Structures (LIPSS) were obtained on ZnO thin films deposited on sapphire substrate. The structures were creaded by scanning the sample surface with a focalised femtosecond laser beam in air. The period and depth of the structures were measured by Atomic Force Microscopy (AFM) and Scanning Electron Microscopy (SEM). The dependence of the morphology of the periodic structures on the experimental conditions such as laser fluence, laser polarisation and laser scanning speed, were investigated. Ripples with 150 nm period, spaced by grooves with 50 nm width and about 100 nm depth have been obtained on large area by multiple scanning of the sample surface. Such microprocessing method suggests a possible technique to produce nanogratings, micropolarisers, or nanopatterned surfaces for micro-sensors.
Introduction
The periodic self organized microstructures, commonly known as ripples, has been observed on laser irradiated surfaces even from the beginning times of laser processing of materials [1] . When nanosecond polarised lasers were used, the period Λ of laser generated patterns was in the range of few microns, indicating a direct dependence of the periodicity with the laser wavelength. The intensive studies of ripples formation on dielectrics, semiconductors and metals had shown also a strong dependence of the ripples morphology with materials properties such as the refractive index [2] [3] . The first explanations of ripple formation were related to the interference of the incident laser beam with scattered or excited surface waves [4] [5] .
In order to explain the small differences between the experimental data of the period Λ and the values of the wavelength in material λ, the inclination of the sample was also considered, giving the dependence Λ = λ / (1 ± sin θ), where θ is the angle between the laser beam and the normal to the surface [6] . This correction was used also to explain the small differences reported in the case of a tilted surface of a deep laser ablated crater.
Once the ultrafast lasers became a very spread tool for micromachining, more puzzling information have been added to the phenomenology of the ripples formation. In contrast to the nanosecond lasers, femtosecond pulses induce sub-wavelength periodic structures, much lower than the values predicted by the classical model. A lot of experimental parameters has been revealed to have influence upon the periodicity of the laser induced surface structures, such as material refractive index, laser fluence, number of laser pulses, pulse duration, laser wavelength, radiation polarisation, incidence angle. As a general observed behavior, the ripples are oriented perpendicular to the polarisation of the radiation, the period decrease with an increasing number of laser pulses, and increase with increasing laser energy [7] [8] [9] [10] [11] [12] [13] [14] [15] . Sometimes, some materials are reported to behave very different from the general tendency, this behavior making more difficult to hypothesize a simple and general theoretical model.
In the case of laser micromaching, the formation of the ripples is considered as a drawback in the fabrication of microstructures due to the limited smoothness of the processed surfaces. However, controlling the morphology of the ripples may lead to applications in large-area nanostructuring of materials [16] [17] [18] .
In this work we study the ripples formation on zinc oxide thin films. ZnO is an environment-friendly material, suitable for optical devices such as solar cells, efficient blue light emitters, or even polariton lasing devices [17] [18] [19] . When a ZnO film is irradiated by femtosecond laser above the ablation threshold, ripples are created on the surface [22] [23] [24] . We studied their dependence on the experimental conditions such as laser fluence, laser polarisation and laser scanning speed.
Experimental
The equipment used to create the periodic ripples is a standard laser micro-processing setup in air. The laser source is a commercial Ti:Sapphire regenerative amplifier working in chirped pulse amplification (CPA) configuration. The laser delivers pulses with 200 fs duration, at 775 nm wavelength, and 2 kHz repetition rate. The laser beam is focused to an estimated spot diameter of about 3 µm by a NIR microscope objective with 0.5 numerical aperture, 100X magnification and 12 mm working distance. The samples are precisely translated and positioned by a XYZ computer controlled translation stage, equipped with stepper motors which provide displacement accuracy in the range of few hundreds of nanometers with maximum translation speed of 2 mm/s. The processed surface is monitored in real-time by a monochrome CCD camera with a 200 mm tube lens. The optical resolution is below 1 µm.
The laser pulses are continuously attenuated in the range of few nJ up to hundreds nJ by a variable attenuator composed by a half waveplate and a Glan-laser polariser. The laser energy is measured in the front of attenuation system by a laser energy meter and corrected by the optical transmission of the microscope objective. The irradiated samples are un-doped ZnO thin films (about 150 nm thickness) deposited on r-cut sapphire ( 02 1 1 ) substrates by RF plasma assisted pulse laser deposition (PLD). The laser fluence was varied from the laser surface modification threshold of our ZnO film -0.25 J/cm 2 , up to 0.7 J/cm 2 , and maintained below the ablation threshold of sapphire substrate in order to have a selective ablation process. The modification threshold is defined as the lowest laser fluence for which any surface modification can be measured after the laser irradiation.
The surface of the samples was scanned by laser at normal incidence with scanning speed from 0.005 to 1 mm/s. The scanning direction was in X, Y or Z, while the polarisation direction of the electric field was kept fixed. After laser irradiation, the samples are investigated by scanning electron microscopy (SEM) and atomic force microscopy (AFM). The AFM measurements are performed in wave-mode with a cantilever with less than 10 nm radius of the tip.
Results and discussions
When the laser fluence is kept near the ablation threshold, by scanning the surface of the ZnO film in X, Y or Z direction, the SEM images reveal LIPSS with about 150 nm spacing, much below the laser wavelength.
For the structures presented in the figure 1 the laser fluence was 0.45 J/cm 2 and the scanning speed was 0.01 mm/s. The periodic induced structures are always oriented perpendicular to the laser polarisation. In the case of the scaning in X direction (figure 1a) only few bifurcations appear, the ripples remaining uninterrupted along many micrometers, separated by clear and uniform grooves with about 50 nm width.
At the same laser energy and scanning speed we moved the sample in Z direction. Since the Rayleigh length of the focused beam is less than 1 µm, when a displacement of the sample with ±1µm around the focus plane of the microscope objective is considered, the surface modification effect is rapidly lost. Thus, for a speed of 0.01 mm/s and 2 kHz laser repetition rate, less than 400 laser pulses will contribute to the surface modification process. In these conditions structured dots were created on the sample surfaces ( figure 1c) . The diameter of the dots is 600 nm and the step of the periodic structure is 150 nm.
In order to determine the influence of the experimental parameter on the morphology of the LIPSS, a network of parallel lines at different laser energy and scanning speed was realized on the sample surface. We used laser pulses with energy from 18 nJ to 50 nJ, respectively from 0.25 J/cm 2 up to 0.7 J/cm 2 laser fluences, and scanning speeds from 0.005 to 1 mm/s. For the threshold laser energy, respectively at laser fluence of 0.28 J/cm 2 , no clear periodic structures can be observed; only randomly dispersed grains are formed along the scanning direction for all scanning speeds. At this level of energy the surface starts to be modified, but seem that the laser energy is not high enough to induce self organized periodic structure. At high fluences over 0.65 J/cm 2 the film is completely ablated down to the substrate, then no ripples remain in the irradiated area. A large groove with almost rectangular profile is created. Since the sapphire substrate has a higher ablation threshold, a quite selective ablation process can be expected. Therefore, the thickness of the ZnO film can be estimated from AFM measurements to be about 150 nm.
For the intermediate laser fluences, periodic structures can be observed. For a scanning speed of 0.1 mm/s and laser fluences of 0.34 J/cm 2 , 0.45 J/cm 2 and 0.57 J/cm 2 we obtained ripples with period of 170 nm, 179 nm and respectively 197 nm. This are averaged values over the periods of all ripples obtained in the same scanning conditions. As it can be observed in the AFM profiles from figure 2, the distance between two adjacent grooves can slightly decrease toward the edge of the laser spot, following the profile of the laser irradiance.
As a general tendency we observed an increasing of the ripples period with the increase of the laser fluence. Thus, the LIPSS dependence with the pulse energy is in good agreement with previous results [7, 8] .
The same dependence for the depth of the grooves we observed. These become deeper when the laser energy increases. At 0.57 J/cm 2 fluence and speed 0.1 mm/s the depth of the ripples is almost comparable with the film thickness denoting a complete perforation of the ZnO film down to the substrate. Also at lower energies the real depth of the ripples could be higher than the measured one, a small difference being expected due to the finite radius of the AFM tip. The figure 3 shows the dependence of the structures period with the scanning speed. The spacing between the structures increases with the increasing of speed, or in other words it increases with decreasing the number of overlapped pulses, as commonly observed [8, 16] . In our case we can estimate the number of overlapped pulses as following. The diameter of the focused beam is about 3µm, nevertheless, we have to take into account the size given by the laser irradiance threshold which induces the surface modification. From the experimental observation this size can be considered to be about 500 nm. Then, for a scanning speed of 0.1 mm/s we estimate a number of only 10 overlapped pulses, with about 50 nm distance between two pulses. The experimental data are fitted by a function
, where Λ is the ripples period, v is scanning speed and a, b and c are the fitting parameters.
When the material is irradiated by a focused femtosecond laser beam, multiphoton absorption and photoionizations occurs. Thus, the electron plasma is created in the material, characterized by the electron plasma temperature T e , and the plasma density N e .
The ripples formation has been explained by Shimotsuma et al. [25] as the interference between the incident light field and the electric field of the electron plasma wave in material. An analytical expression of the ripples period has been proposed with the following form: 
were m e is electron mass, k B is Boltzmann constant, ω is angular frequency, and k ph is the wave vector of the incident light. From the above expression we can presume that the parameters of the electron plasma will have a very nonlinear impact on the ripples formation. Therefore, when the laser fluence increases, the photoelectrons created by multiphoton photoionization process are more energetic and the electron plasma temperature increase. Following the dependence of the ripples period with the electron plasma temperature from relation (1) we can expect an increasing of Λ with the laser energy, as experimentally observed.
On the other hand, the dependence of the ripples spacing with the scanning speed or equivalently with the number of pulses is hard to be interpreted. However, the fitting function from the figure 1 compared with the relation (1) can suggest a relation between the electron plasma's parameters and the number of pulses. Apparently, the increase of the number of pulses will modify the electrons temperature, or the density of the electron plasma, in a competitive manner, depending strongly on the way the radiation is absorbed in the material.
As shown by Reif et al. [26] , from pulse to pulse the irradiated material will change into a "soft" state with different electronic properties, therefore, with different absorption properties. It is possible that increasing the number of pulses the effective dose of absorbed radiation will vary, inducing a nonlinear modification of electron plasma density or electron plasma temperature.
Even if the ripples formation is not completely understood and controlled yet, some applications of LIPSS can be already expected. Such periodical surface structuring technique can be used in fabrication of nanogratings, micropolarisers, or for increasing the effective sensitive surfaces of the microsensors.
In figure 4 we show the SEM image of a part of a large processed area (about 200x500 µm 2 ) of a ZnO film. The structure was created by multiple scans parallel to the polarisation direction. The processing parameters were the following: scanning speed 0.1 mm/s, scanning offset 0. defined at 1/e 2 from the maximum intensity is estimated to be about 3 μm in the focal spot. However, since the laser intensity is kept at the ablation threshold, the width of a scanned line is about 500nm.
The created structure has the period of about 170 nm and about 50 nm spacing between ripples. The ripples from parallel scans are coherently matched to each other forming continuous lines over a wide area, perpendicular to the scanning direction.
Conclusions
Periodically structures perpendicular to the laser polarisation were created in ZnO films under laser irradiation above the ablation threshold. The period of the laser induced structures is in the range of 130 to 200 nm depending on laser energy and scanning speed. The depth of the created grooves is from 50 to 140 nm, depending on the laser fluence and the scanning speed, and is comparable with the thickness of the film. The width of the grooves is about 50 nm, suggesting a high aspect ration from 1:1 up to 3:1. If proper experimental conditions are chosen, continuous structures over a few microns without cracks and only a few bifurcations can be done. A nanograting with period of 170 nm, more than 100 nm depth and total surface of 200x500 µm 2 was created on ZnO. The sample was multiple scanned along the polarisation direction in order to obtain periodic structures over a large area of few hundreds of µm 2 .
